There exists a combination of stator voltage and frequency which results in maximum efficiency for a given induction motor under a specified speed and load condition. This optimal operating point is calculated over the complete speed and load torque range using an Artificial Neural Network (ANN). It is shown that maximum efficiency can be achieved compared to the conventional volthertz control method. Theoretical results are presented as well as an experimental confirmation of them.
speed and torque [4] . Optimal efficiency thus cannot be achieved by implementing a fixed relation ,between stator frequency and voltage. Optimal efficiency was calculated in [7] by direct measurement of the motor power input and the implementation of an adaptive controller to the indirect field oriented induction motor drive-An adapted field oriented mechanism with detuning correction and efficiency optimization of an indirect field oriented induction motor speed drive is presented in [8] . Two hzzy controllers were used in that adapted field oriented mechanism.
In this paper ANN is used to calculate the motor applied voltage and frequency which maximize the efficiency for the whole operating range of motor torque and speed.
2.Modkl of Induction Machine
The per phase-equivalent circuit of an induction motor is shown in Fig. (1) . From the equivalent circuit, the rotor current can be given by :
Where El is the stator EMF per phase, s is the slip, f, is the motor input frequency, XzO is the rotor leakage reactance at standstill and nominal frequency equals 50 Hz, Rz and Xz are the r&or resistance and leakage reactance, respectively, at any supply frequency. All rotor values are referred to stator side.
If W, is the mechanical angular velocity of the rotor, the torque is given by :
Where ml is the number of stator phases. On combining this expression with equation (I), the torque equation is :
Where p is the number of pole pairs. For a given value of T, f, and El, the slip and then the total impedance of the circuit of Fig. (I) can be calculated. So, the stator current (Il), the input voltage (VI), the input power factor , the copper loss (P,), the iron loss (pi), and efficiency can be calculated.
The induction motor under study has the following data: 220 V, 3.5 A, 1445 rpm and has the following parameters: R1=3.4 0, XI = 7.37 0, R2 = 4.75 Q, XZ0 = 17.45 0, Rm = 1700 Q, and Xm = 195 Q. A computer program is written to demonstrate the effect of the motor input voltage on the motor efficiency. Figs.
(2-a,b) show the variation of the motor efficiency with motor input voltage at different loads for supply frequency equals 50 Hz and 20 Hz, respectively. From the figures it is shown that for any load and supply frequency there exist a specified supply voltage at which the efficiency has its maximum value.
Motor parameters variation
Usually, the variation of motor parameters with voltage and fi-equency is neglected and the motor model is then considered to be linear. Actually, the motor parameters are varying with the input voltage and frequency. The effect of taking these parameters variations in the calculation of the optimal operating conditions will be considered in this section.
The induction motor iron losses are usually modeled by a resistor connected in parallel with magnetizing reactance. These losses include both hysteresis loss and eddy current loss. The hysteresis losses are proportional to the frequency and eddy current losses to the square of the frequency. Based on these assumptions, the equivalent core loss resistance taking the effect of frequency variation is [ 91:
where R,,, is the iron loss resistance at nominal frequency equals 50 Hz and rated voltage equals 220 volt.
Also, the iron losses are affected by the value of applied voltage. These losses are proportional to the square of flux density. So, the equivalent iron loss resistance is modified to take the effect of magnetic saturation by [9 1: where I*,, and I, are magnetizing current at any motor input voltage and at the nominal input voltage, respectively.
From equations 5 and 6 the combination effect of the induction motor input voltage and frequency on the iron losses resistance can be expressed as: 
I ,
Also, the saturated value of magnetizing reactance is obtained experimentally. Its value is determined theoretically during the calculation procedure using look-up table and linear interpolation method.
Figs. (3-a,b)
show that variation of both iron losses resistance and the magnetizing reactance, respectively, with the input voltage at rated frequency. Fig. (3-c) indicates the variation of the iron loss resistance with motor input frequency at rated voltage. The motor model with parameter variations will be denoted as nonlinear model.
Computer programs are written to study the motor performance with linear and nonlinear models. From the figures it is seen that there are a significant differences between the two models. Fig. (6-a) indicates the variations of the motor optimal slip with input frequency at different loads for the linear model, while Fig. (6-b) shows the same variations for the nonlinear model. It can be seen that at a definited frequency the optimal speed is varied with load for the nonlinear model, while it is almost copstant for the linear model. From the above results it can be concluded that the effect of motor parameters variation due to the variations of input voltage and frequency must be taken into consideration. 8) shows the optimal input voltage and constant volt/Hz with input frequency at different loads. From the figure it can be seen that the optimal applied voltage might be greater or less than the constant volt/Hz according to the applied frequency and load torque. The optimal voltage has a limit value to prevent the motor total losses not to exceed the nominal losses at rated voltage and fiequency.
3.Definition of the problem and solution by ANN
The following problem is considered: for a given operating point defined by the load torque and the command motor speed, find the input motor voltage and frequency which minimize the input power to the motor. This set of values of the input variables characterizes the optimal operating point and results in minimum losses operation under the specified external constraints. An on-line analytical solution of this problem cannot be found if a complete model of the machine including the motor parameter variation with input voltage and frequency (nonlinear model) are considered.
Arti@ial neural network ( A m
Recently, several studies have independently found that a three-layer ANN using the back propagation algorithm approximate a wide range of nonlinear functions to any desired degree of accuracy [lo-111. In this section, three layers feedforward ANN is used to approximate the relation between the motor load torque and speed as inputs with motor optimal input voltage and frequency as outputs. Sets of training patterns are obtained using the computer program for the nonlinear motor model and the optimal input voltage and frequency is obtained for a specified motor torque and speed. These patterns are used to train the ANN which consists of two neuron in the input layer, one hidden layer with 25 neurons, and an output layer with two neurons. The neurons in the hidden layer have tansigmoid activation function while neurons in the output layer have logsigmoid activation function.
An adaptive learning rate is used to accelerate the training process. This adaptive learning rate requires some changes to the traditionally constant learning rate training procedure. First the initial ANN outputs and the errors between this outputs and the targets are calculated. At each epoch new weights and biases are calculated using the current learning rate. New outputs and errors are then calculated. If the new errors exceed the old errors by more than a predefined ratio (typically 1.04), the new weights, biases, outputs, and errors are discarded. In addition, the learning rate is decreased (typically by multiplying by 0.7). Otherwise, the new weights, etc., are kept. If the new errors are less than the old error, the learning rate is increased (typically by multiplying by 1.05). This procedure increases the learning rate, but only to the extent that the network can learn without large increase of errors. Thus a near optimal learning rate is obtained. When a larger learning rate could result in stable learning, the learning rate is increased. When the learning rate is too high to guarantee a decrease in the ANN output errors, it gets decreased until stable learning resumes.
During the training process, Figs. (9-a,b) show the variations of the learning rate and the sum squared errors with epoch, respectively.
Simulation resu Its
After training the ANN, it is tested to deduce the optimal operating point and compared with the actual results. Fig.(lO) represents the optimal input voltage versus motor speed at different loads. The solid lines represent the actual values and the dotted lines represent the ANN outputs. Also, the optimal value of input frequency for any speed and two different loads (3 Nm and 6 Nm) are shown in Figs. (1 1-a,b) . These figures validate the effectiveness of the proposed ANN to optimize the induction motor operation.
The trained ANN is then cascaded with the induction motor and inverter set as shown in Fig. (1 2) . A computer program is written to study the steady state motor performance with the proposed ANN. Fig. (13) represents the variation of the maximum efficiency with motor speed at different loads. Figs. (14-a,b,c,and d) show the optimal values of motor input current, motor power factor, motor iron losses, and motor total losses, respectively, with motor speed at different loads.
Experimental results
Experimental results are deduced to check the validity of the proposed ANN based optimization method for the nonlinear induction motor model. The tests are deduced at constant speed and load torque to maintain constant output power during the test. The input motor frequency of the induction motor is adjusted to keep the speed constant while the input voltage is varied. Since the test motor is connected to a separately excited DC motor, the load torque is automatically held constant if the speed remains unchanged.
In the test, the voltage is varied over a wide range encompassing the theoretical optimal value in order to find the value resulting in the minimum input power for two different operating points. These results, given in Table I , show that the actual optimal voltage and frequency are very close to the calculated values.
This paper presents an on-line optimal efficiency operation method based on ANN for variable frequency induction motor. This method is capable to minimize the motor losses over different loads and speed range up to twice the rated speed. It can be seen that the effect of magnetic saturation and frequency changes on motor parameters must be considered in case of optimal efficiency. For light loads the optimal input voltage is less than the traditional constant volt/Hz method while it is greater for large loads. Also, it can be noted that for high loads, there is a maximum limit of speed to operate under optimal efficiency condition. This is to prevent the motor losses not to exceed its nominal value and so prevent motor overheating.
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